INTRODUCTION {#s1}
============

Human kallikrein-related peptidase 5 (KLK5), which was originally identified as the stratum corneum tryptic enzyme (SCTE) \[[@R1]\], is an active serine protease \[[@R1]-[@R2]\]. Reportedly, KLK5 displays reduced or inactivated expression in breast cancers \[[@R3]-[@R5]\] but the potential functional consequences in tumor development and/or progression are still unknown/yet to be described. Here, we show that KLK5 may act to suppress breast cancer by inhibiting EMTs and, surprisingly, by repressing the mevalonate pathway of cholesterol metabolism. Altered metabolism in cancer cells has been known for many years but the intricacies of how metabolic pathways interconnect with oncogenic signaling remain largely untackled. The mevalonate pathway of cholesterol biosynthesis represents a central and well-described metabolic route that uses mevalonate for synthesis of isoprenoids, precursors of cholesterol, ubiquinone etc, which are also needed for post-translational prenylation of proteins. The rate-limiting step of the mevalonate pathway is the reduction of 3-hydroxy-3-methyl-glutaryl-CoA which is catalyzed by the enzyme HMGCR \[[@R6]\], notably, the pharmacological target of statins, the widely prescribed cholesterol-lowering drugs. Deregulation of the mevalonate pathway, achieved by ectopic expression of either full-length HMGCR or its more recently described splice variant, is causally linked to malignant transformation of the mammary gland, which pinpointed HMGCR as a candidate metabolic oncogene \[[@R7]\]. It is well-established that cancer cells rely on isoprenylated molecules for their growth, since prenylation (farnesylation, geranylgeranylation) of specific proteins is required for activation of oncogenic signaling \[[@R8]\]. On the other hand, it is now recognized that proteases are not just degrading enzymes but they play complex and quite versatile roles in cancer growth and progression, and it has been shown that specific proteases can function as tumor-suppressors \[[@R9]\]. As signaling molecules proteases crosstalk with kinases in complex regulatory networks \[[@R10]\]. *In vitro* studies indicated that KLK5 can activate the protease-activated receptors (PARs) \[[@R11]-[@R12]\]. For the first time and quite initriguingly our findings link KLK5, an extracellular protease, to cancer cell metabolism and indicate that inhibition of the mevalonate pathway may represent a novel mode of tumor suppression by proteases and a potential pharmacological target for anticancer therapy.

RESULTS {#s2}
=======

KLK5 is inactivated in breast cancer {#s2_1}
------------------------------------

Oncomine analysis of data derived from microarray-based gene expression profiling studies employing established patient datasets \[[@R13]-[@R15]\] showed that *KLK5* expression is significantly down-regulated or completely inactivated in the majority of breast cancers of different subtypes compared to normal tissues (Fig.[1A](#F1){ref-type="fig"}). This was in agreement with diminished or completely inactivated expression of *KLK5* in a panel of normal breast cell strains and tumor cell lines (Fig.[1B](#F1){ref-type="fig"}). These findings and earlier observations \[[@R3]-[@R5], [@R16]\] suggested potential functional role(s) of KLK5 in breast cancer growth.

![Expression of KLK5 is inactivated in breast cancer\
A, Box plot of KLK5 expression between normal and breast cancer cells generated by Oncomine analysis of microarray data \[[@R13]-[@R15]\]. B, RT-PCR analysis of KLK5 expression in normal breast cell strains, immortalized (im.) and breast cancer cell lines. bA basal A, bB basal B.](oncotarget-05-2390-g001){#F1}

Restoration of KLK5 expression reverses the malignant phenotype of MDA-MB-231 cells {#s2_2}
-----------------------------------------------------------------------------------

We aimed to study the putative effects of restored KLK5 expression on the phenotype of the highly aggressive MDA-MB-231 breast cancer cell line in which the expression of KLK5 is completely inactivated. Three clones (C3, C5, and C8) transfected with the *KLK5* cDNA to stably express KLK5 mRNA and protein (Fig.[2A](#F2){ref-type="fig"}) were established, propagated and characterized. KLK5 appeared as a single band (Fig.[2A](#F2){ref-type="fig"}) with apparent molecular weight of \~40 kDa instead of inferred 25 kDa indicating that the protein is heavily glycosylated as also observed before \[[@R17]\]. In contrast, recombinant KLK5 protein produced in *Pichia pastoris* appeared as four distinct bands due to differential glycosylation at the four predicted glycosylation sites \[[@R2]\]. No significant differences were observed in *in vitro* proliferation rates or saturation density between parental, mock and KLK5-expressing (C3, C5, and C8) clones as they all displayed similar population doubling times (data not shown) and grew to a 100% confluence. However, KLK5 markedly inhibited anchorage-independent growth, as the C3, C5, and C8 clones failed to grow on soft agar (Fig.[2B](#F2){ref-type="fig"}). In addition, they exhibited reduced motility in wound healing assays (Fig.[2C](#F2){ref-type="fig"}) and significantly delayed onset of tumor formation and slower growth rates (Fig.[2D](#F2){ref-type="fig"}; [Sup Table S1](#SD2){ref-type="supplementary-material"}) when xenotransplanted in SCID mice. Tumor volumes at the experimental endpoint (82 days post-implantation) were more than 35-fold smaller for clones C3 and C5 expressing normal concentrations of KLK5 protein compared to parental and mock (Fig.[2D and E](#F2){ref-type="fig"}; [Sup Table S1](#SD2){ref-type="supplementary-material"}). Notably, clone C8 that produces sub-physiological concentration of KLK5 was suppressed to a lesser extend in terms of tumor onset and final sizes by approximately 6-fold smaller indicating that the tumor-suppressing effects of KLK5 are dependent on its concentration.

![Re-expression of KLK5 in MDA-MB-231 cells suppresses their malignant phenotype\
A, Expression of KLK5 mRNA and protein was restored in non-expressing MDA-MB-231 cells by cDNA transfection. Three stably transfected clones were established: the C3 and C5 clones that express KLK5 at normal/physiological levels and the C8 clone that expresses low (i.e. sub-physiological) levels of KLK5. KLK5 mRNA was quantified by semi-quantitative RT-PCR; protein concentrations were measured by a specific and sensitive ELISA. The depicted Western Blot shows that the endogenous KLK5 protein secreted by C3 and C5 cells had an apparent MW of \~40 kDa, while recombinant KLK5 (rKLK5) produced in Pichia pastoris yielded four bands due to differential glycosylation. B, Restoration of KLK5 remarkably inhibited anchorage-independent growth of MDA-MB-231 in soft agar assays (bars indicate standard deviation of 5-6 replicate experiments). C, KLK5 reduces the motility of MDA-MB-231 in wound healing assays. D, Growth rates of tumor xenografts in SCID mice. KLK5 significantly represses growth of KLK5-transfectants (C3, C5, and C8) in vivo as compared to MDA-MB-231 parental and mock controls (bars indicate standard deviation of tumor volumes, n=16 sites injected). E, Representative images of tumors excised after the experimental endpoint. p: parental, m: mock.](oncotarget-05-2390-g002){#F2}

Differential expression profiling-The "KLK5 signature" {#s2_3}
------------------------------------------------------

With the aim to identify molecular alterations induced by KLK5 that may underlie its suppressive effects on the aggressive phenotype of MDA-MB-231 cells, we compared the gene expression profiles of MDA-MB-231 parental and mock with the profile of pooled C3 and C5 clones. The complete set of genes altered upon re-expression of KLK5 (*i.e.* the "KLK5-responsive genes" or "KLK5 signature") consisted of 491 genes; of these, 486 genes (535 Illumina probes) were identified by microarray profiling ([Sup Table S2](#SD2){ref-type="supplementary-material"}) and 5 genes (*SNAIL1, VIM, MMP-3, LDLRAP1, SREBF1*) were tested by RT-PCR ([Sup Table S3](#SD2){ref-type="supplementary-material"}). Differential expression of selected candidate genes was confirmed by semi-quantitative RT-PCR using gene-specific primers ([Sup Fig. S1](#SD1){ref-type="supplementary-material"}). Interestingly, the "KLK5 signature" (Table [1](#T1){ref-type="table"}, [Sup Table S4](#SD2){ref-type="supplementary-material"}) comprised several genes encoding key enzymes of the mevalonate pathway that leads to the biosynthesis of cholesterol and isoprenoids (Fig.[3A](#F3){ref-type="fig"}). The list of differentially expressed genes was subjected to statistical enrichment analysis, using StRAnGER (<http://www.grissom.gr/stranger/>), to highlight significantly altered cellular processes by Gene Ontology (GO). Results are shown in [Sup Table S4](#SD2){ref-type="supplementary-material"}. The microarray gene list was also introduced in Ingenuity Pathway Analysis (IPA) for network construction. The obtained top network is functionally associated with lipid metabolism ([Sup Fig.S2](#SD1){ref-type="supplementary-material"}), while several gene subsets were found that control the levels of cellular cholesterol (Fig.[3B and C](#F3){ref-type="fig"}), steroidogenesis, and the levels of phosphatidic acid. IPA prediction of transcription factor activation/inhibition against our microarray list identified activation of *SREBF1* (z=2.571) and *SREBF2* (z=2.358) transcription factors both of which interacted with other identified key genes (Fig.[3B and C](#F3){ref-type="fig"}) as for example the *HMGCR*, *DHCR7*, *INSIG1*, etc. Consistent with the fact that transcriptional activation of *SREBF1* proceeds *via* an autoregulatory loop \[[@R18]\] we found markedly increased *SREBF1* mRNA and SREBP1 protein in KLK5-expressing cells (Fig.[3D and E](#F3){ref-type="fig"}). Notably, *SREBF1* was reported by Hirsch et al. \[[@R19]\] to link cancer with lipid metabolism, cholesterol biosynthesis and atherosclerosis. By RT-PCR we tested the expression of *INSIG2* encoding a protein homologous to *INSIG1* that also regulates SREBPs \[[@R20]\] but its expression is not depended on SREBPs. Consistently, *INSIG2* was not altered (Fig.[3D](#F3){ref-type="fig"}).

![KLK5-expressing cells display altered expression of mevalonate pathway genes\
A, Schematic representation of the mevalonate pathway of cholesterol biosynthesis and biotransformation. Genes that are upregulated in response to KLK5 are denoted in red and downregulated genes in green. To generate an interaction network with IPA, a subset of the identified genes was selected based on their predicted functions in cholesterol and lipid metabolism (B) or genes predicted to be regulated by SREBF1 and SREBF2 (C). D, SREBF1 is activated in KLK5-expressing cells as confirmed here by RT-PCR, while the expression of INSIG2 was unaltered. E, SREBP1 is induced in KLK5-expressing cells as confirmed here by Western blotting.](oncotarget-05-2390-g003){#F3}

###### Biochemical pathways and functions affected by KLK5

A total of 486-genes responsive to KLK5 were determined by oligonucleotide microarray profiling (Illumina platform). Shown here are selected up- and down-regulated genes and their corresponding functional annotation. The complete list of differentially expressed genes is given in [Sup Table S2](#SD2){ref-type="supplementary-material"}

  Gene                                                       Name                                                                                Fold change                               
  ---------------------------------------------------------- ----------------------------------------------------------------------------------- ----------------------------------------- -----------------------------------------
  Angiogenesis                                                                                                                                                                             
  THBS2                                                      Thrombospondin 2                                                                    16,05                                     
  Cholesterol and Lipid Metabolism                                                                                                                                                         
  PCSK9                                                      Proprotein convertase subtilisin/kexin type 9                                       8,69                                      
  INSIG1                                                     Insulin induced gene 1                                                              7,20[\*](#tfn_001){ref-type="table-fn"}   
  SCD                                                        Stearoyl-CoA desaturase (delta-9-desaturase)                                        4,99                                      
  LIPG                                                       Endothelial lipase                                                                  2,68[\*](#tfn_001){ref-type="table-fn"}   
  DHCR7                                                      7-dehydrocholesterol reductase                                                      2,33[\*](#tfn_001){ref-type="table-fn"}   
  LPIN1                                                      Lipin 1                                                                             2,12                                      
  HMGCR                                                      3-hydroxy-3-methylglutaryl-coenzyme A reductase                                     2,05                                      
  LDLR                                                       Low density lipoprotein receptor                                                    1,97                                      
  HSD3B7                                                     Hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 7        1,77                                      
  VAMP4                                                      Vesicle-associated membrane protein 4                                               1,64                                      
  PDE8B                                                      Phosphodiesterase 8B                                                                                                          4,35
  ACOT9                                                      Acyl-CoA thioesterase 9                                                                                                       1,89
  PLCG1                                                      Phospholipase C, gamma 1                                                                                                      1,64
  Inflammation                                                                                                                                                                             
  CX3CL1                                                     Chemokine (C-X3-C motif) ligand 1                                                                                             3,85
  NOS3                                                       Nitric oxide synthase 3                                                                                                       3,57
  Proteolysis and Protease Inhibitors                                                                                                                                                      
  MMP-9                                                      Matrix metallopeptidase 9                                                                                                     3,03
  CTSL2                                                      Cathepsin L2                                                                                                                  1,92
  TIMP1                                                      TIMP metallopeptidase inhibitor 1                                                                                             1,85
  PLAUR                                                      Plasminogen activator, urokinase receptor                                                                                     1,59
  DNA Repair and Recombination                                                                                                                                                             
  RAD51C                                                     RAD51 homolog C (S. cerevisiae)                                                                                               3,85[\*](#tfn_001){ref-type="table-fn"}
  HMGB1                                                      High-mobility group box 1                                                           1,77                                      
  Positive Regulation of I-kappaB Kinase/NF-kappaB Cascade                                                                                                                                 
  TRIM13                                                     Tripartite motif-containing 13                                                      1,93[\*](#tfn_001){ref-type="table-fn"}   
  GPR177                                                     G protein-coupled receptor 177                                                      1,67[\*](#tfn_001){ref-type="table-fn"}   
  Nuclear proteins                                                                                                                                                                         
  TSPYL5                                                     TSPY-like 5 (TSPYL5)                                                                                                          7,14
  EEF1A2                                                     Eukaryotic translation elongation factor 1 alpha 2                                                                            4,55
  CITED4                                                     Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 4                                             3,03
  SH3KBP1                                                    SH3-domain kinase binding protein 1                                                                                           2,22[\*](#tfn_001){ref-type="table-fn"}
  ELK1                                                       Member of ETS oncogene family                                                                                                 1,85
  CCNA1                                                      Cyclin A1                                                                           2,34                                      
  ELF1                                                       E74-like factor 1 (ets domain transcription factor)                                 2,17                                      
  DNMT3B                                                     DNA (cytosine-5-)-methyltransferase 3 beta                                          1,59                                      
  PDCD4                                                      Programmed cell death 4                                                             1,64                                      

Mean fold-change (up or down) for genes represented by more than one probe.

KLK5 inhibits EMTs {#s2_4}
------------------

It is well-established that the phenotypic changes associated with EMTs include increased motility, enhanced production of ECM-degrading enzymes, such as MMP-9 and MMP-3 and disruption of E-cadherin-mediated cell-cell adhesion. Based on our finding that KLK5 re-expression resulted in reduced motility and reduced active RhoA (see below), we asked whether the expression of EMT markers may be altered. We found that vimentin (*VIM*) was highly repressed in KLK5 transfectants at the protein and also the mRNA levels to a lesser extent (Fig.[4A](#F4){ref-type="fig"}). Re-expression of E-cadherin could not be detected by RT-PCR (data not shown). Of the embryonic transcription factors SNAIL1, ZEB1, SLUG and TWIST, shown to induce EMTs, only *SNAIL1* was significantly downregulated (Fig.[4A](#F4){ref-type="fig"}), while *ZEB1*, *SLUG* and *TWIST* were unchanged. It is known that SNAIL1 regulates the expression of MMP-9 \[[@R21]\], which in turn cooperates with SNAIL1 to induce EMTs \[[@R22]\]. By RT-PCR and gelatin zymography we found that both the expression and the proteolytic activity of MMP-9, respectively, were significantly reduced upon re-expression of KLK5 (Fig.[4A and B](#F4){ref-type="fig"}). Furthermore, we found that the MMP-3/stromelysin-1, which is regulated by SNAIL1 \[[@R23]\], was also repressed (Fig.[4A](#F4){ref-type="fig"}). These findings link KLK5 with the suppression of EMTs.

![KLK5 expression is associated with suppression of EMTs\
A, Restoration of KLK5 expression represses mesenchymal markers and MMPs. Expression of SNAILl, TWIST, ZEB1, SLUG, MMP9, and MMP3 were analyzed by RT-PCR. VIM was measured by RT-PCR and western blot. B, Gelatin zymography showed that the proteolytic activity of secreted MMP-9 is inhibited by KLK5 (C3, C5).](oncotarget-05-2390-g004){#F4}

Cholesterol homeostasis in KLK5-expressing cells {#s2_5}
------------------------------------------------

Given that KLK5 altered multiple genes with established roles in the mevalonate pathway and the expression profile was compatible with a state of cholesterol starvation, we focused on studying any functional consequences on cholesterol homeostasis. We show that total cellular cholesterol was lower by approximately 20-25% in KLK5-expressing MDA-MB-231 cells (Fig.[5A](#F5){ref-type="fig"}). It is well-established that cholesterol deprivation induces the genes encoding the LDLR, PCSK9 and LDLRAP1 proteins which are involved in cholesterol uptake \[[@R24]\]. In accordance, both LDLR (1.97-fold) and PCSK9 (8.69-fold) were among the unregulated genes identified by microarray profiling (Table [1](#T1){ref-type="table"} and [Sup Table S2](#SD2){ref-type="supplementary-material"}), and induction of LDLRAP1 (2.6-fold), which is necessary for receptor endocytosis, was confirmed by semi-quantitative RT-PCR (Fig.[5B](#F5){ref-type="fig"}). Following, we assessed the function of LDL by measuring DiI-LDL binding and endocytosis. As can be seen in Fig.[5C-E](#F5){ref-type="fig"} both the binding of LDL to the surface of KLK5-expressing cells and endocytosis were found increased by 25%.

![Cholesterol homeostasis in KLK5-expressing cells\
A, The total cholesterol content of KLK5-expressing MDA-MB-231 cells (C3, C5, and C8) is lower compared to mock and parental controls. B, LDLRAP1 is induced by KLK5 as shown by RT-PCR. C, DiI-LDL binding and internalization. D, DiI-LDL binding. E, internalization. Internalization or overall binding and internalization are increased in KLK5-expressing cells by approximately 25-30% compared to parental and mock controls indicating that cells are cholesterol-deprived and that the LDLR pathway is functional in these cells. F, Expression of fatty acid synthase (FASN) in KLK5 transfectants was not altered. G, Fatty acid synthesis rates were measured by administration of radiolabelled acetate / incorporation of \[1-^14^C\]-acetate and the products were analyzed by TLC and visualized by autoradiography (upper) and by phosphomolybdate staining (lower). One of three independent experiments is shown. H, Quantification of the free fatty acid (FFA) synthesis rates determined in G. Bars indicate SD. st, standard.](oncotarget-05-2390-g005){#F5}

Fatty acids synthesis {#s2_6}
---------------------

Because lipids are also synthesized *via* the mevalonate pathway, we tested whether fatty acid biosynthesis was altered. While the levels of FASN mRNA remained unaltered (Fig. [5F](#F5){ref-type="fig"}), KLK5-expressing cells exhibited significantly lower rates of free fatty acid (FFA) biosynthesis (Fig. [4G and H](#F4){ref-type="fig"}), which may be linked to suppressed malignancy since it is well-established that decreased FFA is associated with reduced aggressiveness of tumor cells \[[@R25]\].

Sensitization to statins {#s2_7}
------------------------

We found that both simvastatin and atorvastatin were more cytotoxic to KLK5 transfectants than to parental and mock controls (Fig. [6A and 6B](#F6){ref-type="fig"}), indicating that lower cholesterol in *KLK5*-expressing cells sensitizes them to statins.

![KLK5 may suppress malignancy by inhibiting RhoA signaling and EMTs\
Sensitization to statins. A, and B, KLK5 sensitizes MDA-MB-231 breast cancer cells to statins, i.e. 1 μM simvastatin (panel A) and atorvastatin (panel B). Cell cytotoxicity was measured by the MTT assay as described in Materials and Methods. Bars indicate SD from at least three independent experiments each conducted in quadruplicate. KLK5 reduces motility and anchorage-independent growth of MDA-MB-231 cells likely by inhibiting RhoA activation. KLK5 reduces the amount of active RhoA (C) and this suppression of active RhoA is reversed when C5 cells are treated with GGPP. Active RhoA was pulled-down on Rhotekin beads and detected by Western blotting. Total RhoA was analyzed to ensure equal loading. GTPγS-loaded RhoA was used as positive control. D, GGPP increases the motility of C5 cells in a dose-dependent manner either in the presence (24h, green) or absence (5h, blue) of serum.](oncotarget-05-2390-g006){#F6}

KLK5 is associated with reduced active RhoA {#s2_8}
-------------------------------------------

We asked whether the observed suppression of the mevalonate pathway and, therefore, reduced synthesis of isoprenoids may affect the activity of signaling proteins that require isoprenylation for activation. We found that the levels of active RhoA transforming protein were diminished in KLK5-transfectants by more than 10-fold. As shown in Fig.[6C](#F6){ref-type="fig"} (*upper*), significantly lower amounts of active RhoA (GTP-bound RhoA) were pulled-down from C3 compared with controls (parental, mock), while in C5 active RhoA was only barely detectable. Total RhoA was approximately the same in all cell populations (Fig.[6C](#F6){ref-type="fig"}, *middle*). Addition of GGPP restored active RhoA (Fig.[6C](#F6){ref-type="fig"}) but also increased the motility of C5 cells dose-dependently (Fig.[6D](#F6){ref-type="fig"}) and anchorage-independent growth (data not shown). These results indicate that inhibited signaling *via* RhoA due to limited prenylation likely accounts for the observed suppression of malignancy in KLK5 transfectants.

![The "KLK5 signature" overlaps with gene signatures of cholesterol-associated diseases and cancer\
A, Disease gene lists established for obesity, atherosclerosis, hypercholesterolemia, and cancer were retrieved. In each case, the total number of genes is given in the middle column. The number of genes common in the "KLK5 signature" and in each given disease list are shown in the right column. The corresponding references are detailed in Materials and Methods. The complete "hypercholesterolemia gene list" was derived here and is provided in [Sup Table S5](#SD2){ref-type="supplementary-material"}. B, The heat map representation of 19 genes shared by the "KLK5 signature" and established signatures for atherosclerosis (II, III, I), hypercholesterolemia, cancers, and obesity shows marked overlap between the "KLK5 signature" and the "atherosclerosis signature". The full list is provided in [Sup Tables S5 and S6](#SD2){ref-type="supplementary-material"}. C, Construction of a human disease network using the data given in [Sup Tables S2, S5 and S6](#SD2){ref-type="supplementary-material"}. Genes with the highest connectivity (≥4) relevant to more than four disorders were used as disease linkers and are indicated with the gene symbol. Each circle corresponds to a distinct disease signature (coloring is shown on bottom left) including the "KLK5 signature" identified here for breast cancer. The size of the diameter of each circle is proportional to the number of genes associated with a given disorder.](oncotarget-05-2390-g007){#F7}

DISCUSSION {#s3}
==========

We aimed to investigate whether re-expression of the KLK5 protease - reportedly inactivated in the vast majority of mammary carcinomas - may pose functional consequences for tumor growth and/or dissemination. For the first time, we present evidence that KLK5 inhibits breast cancer *in vitro* and *in vivo*, consistent with the emerging concept that certain proteases act as tumor suppressors \[[@R10]\]. Furthermore, we show that inhibition of EMTs may underlie the cancer suppressing effects of KLK5. Recently, it was reported that reactivation of KLK5 reverted the malignancy of ES-2 ovarian cancer cells \[[@R26]\]; however, no mechanistic insight has been provided. A novel and very intriguing finding of our study is that expression of KLK5 is associated with alteration in several genes encoding enzymes and regulatory proteins of the mevalonate pathway, including the induction of SREBF1 transcription factor. This translated into lower cell cholesterol and higher LDL uptake, indicating inhibition of the mevalonate pathway. Similar gene alterations are induced by statins, the widely prescribed cholesterol-lowering drugs, which also activate the SREBFs and their target genes/proteins engaged in cholesterol biosynthesis and uptake \[[@R6], [@R27]\].

It is currently well-established that altered metabolism is a hallmark of cancer cells compared to their normal counterparts \[[@R28]-[@R29]\], however, the intricacies of how metabolic pathways interconnect with oncogenic signaling remain largely unexplored. A central and well-described metabolic route is the mevalonate pathway that leads to the generation of isoprenoids required for cholesterol biosynthesis, post-translational modifications of proteins, synthesis of ubiquinone, etc. The rate-limiting step of this biosynthetic pathway is the reduction of 3-hydroxy-3-methyl-glutaryl-CoA catalyzed by the enzyme HMGCR \[[@R6]\], the pharmacological target of statins. Unexpectedly, results of epidemiological and clinical trials revealed that statins may prevent the development of different types of cancer \[[@R30]\]. Moreover, it was shown recently that dysregulation of the mevalonate pathway, achieved by ectopic expression of HMGCR, is causally linked to malignant transformation \[[@R7]\], thus pinpointing to HMGCR being a candidate metabolic oncogene. Very recently, increased cholesterol levels were detected in castrate-resistant prostate cancer, which were associated with downregulation of the TERE1 tumor suppressor \[[@R31]\]. Interestingly, inhibition of SREBP1 or its downstream target FASN sensitizes cancer cells to death ligands, a finding that may open new therapeutic approaches \[[@R32]\].

It is also well-known that statins inhibit Rho/Ras activation by impairing protein (iso)prenylation-farnesylation and geranylgeranylation, as isoprenoids are intermediate products of the mevalonate pathway (Fig.[3A](#F3){ref-type="fig"}). This prompted the developement of geranyltransferase or farnesyltransferase inhibitors as potential anticancer drugs \[[@R33]\]. These inhibitors can act by altering oncogenic signaling. Also, they can attenuate the growth of tumors by modulating the immune response against tumor cells, as shown for the farnesyltransferase inhibitor salirasib, which suppressed glioblastoma growth in mice by increasing antitumor T-cell reactivity \[[@R34]\]. Consistent with inhibited biosynthesis of isoprenoids we detected markedly reduced levels of active (*i.e.* geranylgeranylated) RhoA in KLK5-expressing breast cancer cells. It should be mentioned that we did not detect changes in Ras activity (data not shown). Nonetheless, earlier studies showed that statin-induced anticancer effects on MDA-MB-231 are mainly mediated by RhoA \[[@R35]-[@R36]\] pointing to a dominant role of RhoA over Ras in determining the oncogenic potential of these cells \[[@R37]\]. Generally, it is well-established that Rho small GTPases coordinate many aspects of cell motility through reorganization of the actin cytoskeleton and changes in gene transcription. RhoA, in particular, upregulates the expression of MMP-9 in certain cells, including MDA-MB-231 cells, thus, enhancing their invasive potential \[[@R38]\]. RhoA is highly upregulated in breast tumors but barely detectable in normal adjacent tissues \[[@R39]\]. We found that re-expression of KLK5 not only reduces active RhoA but also the expression and proteolytic activity of secreted MMP-9, which both likely account for reduced malignancy. Furthermore, repression of RhoA activity could account for the observed inhibition of MMP-9, since it has been shown that cholesterol deprivation by simvastatin treatment reduces the expression and secretion of MMP-9 \[[@R40]\] *via* inhibition of RhoA signaling. It should be emphasized that suppression of oncogenic signaling by inhibition of protein prenylation prompted the development of farnesylation and geranylgeranylation inhibitors as potential anticancer drugs \[[@R41]\].

The mechanism(s) by which KLK5 infers the identified gene alterations merit further investigation. Intrigued by recent findings linking the high activity of the mevalonate pathway to enhanced transcription by mutant p53 in MDA-MB-231 \[[@R42]\] but potentially in breast cancer stem cells as well \[[@R43]\], we tested but found no significant changes in p53 mRNA or protein levels ([Sup Fig. S3](#SD1){ref-type="supplementary-material"}). It has been also reported that simvastatin-induced cholesterol deprivation upregulates p53 in MDA-MB-231 \[[@R44]\]. Although we were able to replicate this result, we did not observe the same effect with atorvastatin indicating that p53 induction may not be solely linked with cholesterol deprivation ([Sup Fig. S3](#SD1){ref-type="supplementary-material"}). Alternatively, KLK5 could induce endoplasmic reticulum stress that in turn activates *SREBF1*, *SREBF1*-responsive genes and *CASP4*, *TRIM13* \[[@R45]-[@R46]\] as found here. Current knowledge on the physiological function(s) of the KLK5 protease is restricted to its central role in the regulation of skin desquamation, while its hyperactivation has been causally linked to severe overdesquamating and inflammatory skin disorders \[[@R17], [@R47]\]. KLKs affect signaling by proteolytically activating the PARs, and KLK5 has been shown by *in vitro* proteolysis to activate PAR2 \[[@R11]\]. Further, KLK14 has been linked to oncogenic signaling in colon cancer where it activates PAR2 to induce ERK1/2 signaling and cellular proliferation \[[@R48]\]. The findings presented here provide novel insight into the emerging roles of KLKs in cell signaling *via* mechanisms not described previously. In conclusion, we show that KLK5 attenuates tumorigenicity of invasive breast cancer cells *in vitro* and *in vivo* and may represent a putative *Class II* tumor suppressor. The mechanisms underlying the cancer suppressing effects of KLK5 merit further investigation. We report for the first time, that intriguingly a secreted protease may suppress malignancy by downregulating the mevalonate pathway with important implications for pharmacological intervention.

METHODS {#s4}
=======

Materials {#s4_1}
---------

Synthetic oligonucleotides were obtained from VBC Biotech (Austria) or Invitrogen, anti-RhoA from Santa Cruz (Santa Cruz, CA) and anti-KLK5 from R&D Systems (Minneapolis, MN). All other antibodies were from Sigma (Saint Louis, MO). All other chemicals were of analytical grade and were obtained from Sigma or Merck (Darmstadt, Germany).

Cell culture and stable transfections {#s4_2}
-------------------------------------

The MDA-MB-231 cell line was obtained from the American Type Culture Collection. Cells were cultured as described \[[@R49]\]. The cDNA encoding preproKLK5 was amplified by PCR from a full-length *KLK5* cDNA using gene-specific primers ([Sup Table S7](#SD2){ref-type="supplementary-material"}) and cloned into the pcDNA3.1(+) vector (Invitrogen, Carlsbad CA). Plasmids were purified (Qiagen, Valencia, CA) and confirmed by DNA sequencing (ACGT, Toronto, Canada). Stably transfected MDA-MB-231 cells were selected with G418.

*In vitro* cell assays {#s4_3}
----------------------

Growth curves, anchorage-independent growth and cellular motilities were studied as described \[[@R49]\]. In wound scratch assays, area quantification was performed using ImageJ (<http://rsbweb.nih.gov/ij/>).

Tumor xenografts {#s4_4}
----------------

2×10^6^ cells were resuspended in 100 μL of PBS and injected bilaterally into the mammary fat-pad of 6 week-old female SCID mice. Mice were examined on alternate days for the presence of palpable tumors. Tumors were allowed to grow for the indicated times and their sizes were measured double-blinded. Finally, mice were sacrificed, tumors were excised and photographed. Tumor volumes were calculated using the formula: ½ × height × width × length. All mouse experiments were conducted in duplicate and in compliance with the EU/Greek legislation and the approved guidelines of our institutions for animal handling.

RT-PCR {#s4_5}
------

Total RNA was reverse-transcribed into cDNA with Superscript RT II (Invitrogen) and amplified by PCR; primers and conditions are shown in [Sup Table S7](#SD2){ref-type="supplementary-material"}. Products were resolved stained with ethidium bromide and photographed.

RhoA activation {#s4_6}
---------------

Active RhoA was pulled-down from whole cell lysates by binding onto Rhotekin-GST beads (Cytoskeleton, Denver, CO). Cells were grown to 80-90% confluence, rinsed with ice-cold PBS and immediately lysed in the presence of protease inhibitors. Lysates (\~2 mg) were clarified by centrifugation and then incubated with 25 μl beads (83 μg of protein) for 1 h at 4°C. Beads were collected and washed, then, proteins were eluted and detected by Western blot.

Zymography {#s4_7}
----------

SFCM were collected at 70% confluence following incubation for 48 h and concentrated 8-fold with 10 kDa cutoff spin filters (Amicon). Samples containing equal amounts of total protein were resolved on 12% SDS-PAGE containing 0.1% gelatin under non-reducing conditions. To remove SDS, gels were washed twice with 50 mM Tris.HCl, pH 7.5, 5 mM CaCl~2~, 2.5% Triton X-100 and finally without Triton X-100. For gelatin cleavage, gels were incubated (at 37°C for 20 h) in the same solution containing 0.1% Triton X-100 and then stained with Amidoblack.

Western blotting {#s4_8}
----------------

Cells were lysed in RIPA (PBS containing 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS). 100 μg of total protein were resolved on 12% SDS-PAGE, and electroblotted onto PVDF membrane (Millipore, Billerica, MA). Monoclonal antibodies (anti-vimentin, anti-α-tubulin, anti-RhoA, anti-SREBP1) were added at 1:2,000 dilution and secondary antibodies at 1:3,000. Immunoreactive bands were detected with West Pico ECL (Pierce, Rockford IL). For KLK5 detection, proteins contained in 20 ml of SFCM were precipitated with phenol \[[@R50]\], dissolved in loading dye and analyzed. The anti-KLK5 antibody was used at a dilution of 1:1,000.

Cytotoxicity {#s4_9}
------------

Activation of simvastatin (an inactive lactone prodrug) *via* basic hydrolysis was carried out as following: 25 mg of simvastatin (Sigma) were dissolved in 0.5 ml ethanol and 0.407 ml 1 M NaOH; the reaction was allowed to take place for 30 min at room temperature. HCl was added to pH 7.0 and the stock solution of 10 mM in PBS was stored at −20°C. For cytotoxicity assays, 10^5^xcells were allowed to adhere and grow on 24-well plates for 24 h. Activated simvastatin or atorvastatin (Sigma) was added and cells were incubated for the required times. Subsequently, the medium was removed, cells were washed with PBS and fresh medium containing 0.5 mg/ml MTT was added. Cells were further incubated for 1 h, medium was removed and the insoluble formazan crystals were dissolved in 100% DMSO for 30 min at 37°C. Absorbance was recorded at 570 nm. Cytotoxicity was determined using the formula: (A570~treated\ cells~-A570~background~)/ (A570~untreated\ cells~-A570~background~)\*100%. Background absorbance was measured in the absence of cells.

Microarray profiling and data analysis {#s4_10}
--------------------------------------

For microarray analysis, MDA-MB-231 parental, pcDNA3.1(+) vector-transfected (mock) and pcDNA3.1(+)/preproKLK5-transfected cells were grown to 70% confluence, harvested in PBS and total RNA was extracted with Qiagen RNeasy. The integrity of RNA was confirmed by electrophoresis and its concentration and purity were determined spectrophotometrically. The synthesis of cDNA and biotinylated cRNA was performed using Illumina TotalPrep RNA Amplification (Illumina, San Diego, California) and 500 ng total RNA. Hybridization onto Illumina Human WG-6 V3 BeadChips was carried out according to manufacturer\'s instructions. Data were pre-processed and normalized with the lumi algorithm implemented on FlexArray software (<http://genomequebec.mcgill.ca/FlexArray>). Log~2~-based transformation was applied for variance stabilization and normalization was performed using the Quantile method. Genes with detection score higher than 0.99 were removed. To derive the differentially expressed genes, statistical analysis compared pooled KLK5-expressing cells (clones C3 and C5) and KLK5-negative controls (parental, mock) with the ARMADA software \[[@R51]\] using t-test with a p-value cutoff set at 0.05. Genes with a fold-change value below \|0.5\| (in log~2~ scale) were removed. To identify groups of genes referring to the same biological process or cellular biochemical pathway, the list of differentially expressed genes was analyzed according to Gene Ontology Terms (GOTs) using StRAnGER software \[[@R52]\].

Patient data analysis {#s4_11}
---------------------

Microarray data identified by Oncomine \[[@R53]\] were manually extracted and introduced into Microcal Origin 8 or Microsoft Excel for generation of graphs and for statistical analysis.

Identification of common nodal genes {#s4_12}
------------------------------------

Disease gene sets were retrieved from published studies. These included the "343 gene set" of the cancer gene signature \[[@R19]\], the "60 gene set" of inflammatory breast cancer \[[@R54]\], three different gene sets of atherosclerosis: the "1,259 gene set" (experimental), the "1,771 gene set" (literature) and the "111 gene set" (established) \[[@R55]\], the "410 gene set" of obesity \[[@R56]\], and the "687 gene set" of thyroid cancer \[[@R57]\]. For hypercholesterolemia, we generated a new list by thorough text mining which included only those genes that are directly related to the disease and do not represent changes that arise as secondary effects of high cholesterol.

Interaction networks and transcription factor prediction {#s4_13}
--------------------------------------------------------

Microarray data were introduced into IPA (<http://www.ingenuity.com/>) to generate networks each of which contained 35 molecules and for transcription factor predictions.

Cholesterol content {#s4_14}
-------------------

Total cellular cholesterol was determined based on the reaction of cholesterol or cholesteryl esters with Fe^3+^ in H~2~SO~4~. Briefly, cells were washed and harvested. Cholesterol was extracted with CHCl~3~:CH~3~OH 2:1 for 1 h, then, the organic layer was evaporated to dryness at 55°C, 1.5 ml of FeCl~3~, CH~3~COOH reagent was added to the pellet for 10 min, followed by 1 ml of H~2~SO~4~ for 45 min at 27°C in the dark \[[@R58]\]. Total cholesterol was determined from the absorbance at 560 nm using standards and was normalized against protein. Each experiment was performed in triplicate.

LDL uptake {#s4_15}
----------

The assay measures the uptake of DiI-LDL, a fluorescent derivative of LDL, and was carried out as described \[[@R59]\]. Briefly, cells were grown in 24-wells and DiI-LDL was added to 5 μg/ml in SFCM for 2 h at 37°C (binding and uptake) or 4°C (binding only). Cells were washed with PBS and lysed in 0.1 M NaOH containing 0.1 % SDS. The difference between the fluorescence at 37°C and 4°C is an indicator of the internalization effect only. Fluorescence was measured at 612 nm (emission)/544 nm (excitation) and normalized against protein. Each experiment was carried out in triplicate.

Fatty acid synthesis {#s4_16}
--------------------

The assay is based on the incorporation of the \[1-^14^C\]-acetate precursor during lipid biosynthesis \[[@R59]\]. Cells were grown in 100 mm plates and sodium \[1-^14^C\]-acetate was added at 1 μCi/ml in SFCM for 3 h at 37°C. Then, the medium was removed, cells were harvested in 250 μl RIPA and lipids were extracted in 1 ml CHCl~3~:CH~3~OH 2:1. The organic layer was allowed to evaporate, lipids were re-dissolved in 20 μl CHCl~3~:CH~3~OH 2:1 and resolved by TLC with developing solvent petroleum ether:diethylether:acetic acid (80:30:1). Standards were co-chromatographed. Incorporation of the \[1-^14^C\]-acetate into fatty acids was quantified by autoradiography and visualized with phosphomolybdic acid.
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